The kinetic properties of the adenosine 5'-diphosphate/adenosine 5'-triphosphate (ADP/ATP) translocator from pea (Pisum sativum l.) root plastids were determined by silicone oil filtering centrifugation and compared with those of spinach (Spinacia oleracea 1.) chloroplasts and pea leaf mitochondria. In addition, the ADP/ATP transporting activities from the above organelles were reconstituted into liposomes. l h e K,(ATP) value of the pea root ADP/ATP translocator was 10 p~ and that for ADP was 46 p~. Corresponding values of the spinach ADP/ATP translocator were 25 p~ and 28 PM, respectively. Comparable results were obtained for the reconstituted ATP transport activities. l h e transport was highly specific for ATP and ADP. Adenosine 5'-monophosphate (AMP) caused only a slight inhibition and phosphoenolpyruvate and inorganic pyrophosphate caused no inhibition of ATP uptake.
Plastids and mitochondria are surrounded by two membranes. The outer membranes contain pores allowing the free passage of molecules with a molecular mass of up to 10 and 5 kD, respectively (Zalman et al., 1980; Flügge and Benz, 1984) . The inner membranes function as osmotic bamers and are the site of specific metabolite translocators. The mitochondrial inner membrane contains a highly active ADP/ ATP translocator (Heldt et al., 1965; Klingenberg, 1976) . Specific transport of ATP and ADP is also found in the inner envelope membrane of chloroplasts (Heldt, 1969a) . Compared with the activity of the triosephosphate-phosphate-3-PGA translocator, which is one of the most abundant polypeptides in the inner envelope membrane of chloroplasts, the Supported by the Deutsche Forschungsgemeinschaft. * Corresponding author; fax 49-551-395749.
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activity of the chloroplast ADP/ATP translocator is about 1 to 2 orders of magnitude lower (Heldt and Flügge, 1992) .
In pea (Pisum sativum L.) chloroplasts, pyrophosphate and PEP were found to be transported by the ADP/ATP translocator (Robinson and Wiskich, 1977; Woldegiorgis et al., 1983 Woldegiorgis et al., , 1985 . It has been reported that the ADP/ATP translocator of chloroplasts and amyloplasts also transports ADPGlc and that this transport is linked to starch biosynthesis in these organelles (Pozueta-Romero et al., 1991a . Liedvogel and Kleinig (1980) presented evidence that an ADP/ ATP translocator is also active in chromoplast membranes from daffodil flowers.
The mitochondrial ADP/ATP translocator participates in oxidative phosphorylation by exporting ATP from the mitochondria in exchange for ADP. The metabolic function of the chloroplast ADP/ATP translocator protein is not clear. Since under both light and dark conditions the cytosolic ATP/ADP ratio is higher than in the matrix (Heineke et al., 1991) , the chloroplast translocator may be able to supply the chloroplast stroma with mitochondrial ATP. Nongreen plastids depend on a supply of energy for the synthesis of starch (Hill and Smith, 1991) and fatty acids (Kleppinger-Sparace et al., 1992) .
The molecular mass of the ADP/ATP translocator proteins from various mitochondria are in the range 32 to 35 kD, and their cDNA sequences have been determined (for review, see Klingenberg, 1989) . The structure of the ADP/ATP translocator protein of the envelope membranes from green and nongreen plastids has not yet been elucidated. Ngemprasirtsiri et al. (1989) and Pozueta-Romero et al. (1991d) suggested that a 32-kD polypeptide of the envelope membranes from sycamore amyloplasts is the putative ADP/ATP translocator protein because it shows a cross-reaction with the antiserum against the ADP/ATP translocator from Neurospora crassa.
The aim of the present work was to investigate the substrate specificity and the kinetic and immunological properties of the ADP/ATP translocator from pea root plastids and to compare these with the properties of the ADP/ATP translocators from spinach (Spinacia oleracea L.) chloroplasts and pea leaf mitochondria.
Abbreviations: BKA, bongkrekic acid; CAT, carboxyatractyloside; DHAP, dihydroxyacetone phosphate; PEP, phosphoenolpyruvate; 3-PGA, 3-phosphoglycerate.
Intact nonphotosynthetic active plastids from pea (Pisum sativum L.) roots containing starch grains, chloroplasts from spinach (Spinacia oleracen L.) leaves, and the corresponding envelope membranes were prepared as described earlier by Borchert et al. (1989 Borchert et al. ( , 1993 , Heldt and Sauer (1971) , and Mourioux and Douce (1981) . Mitochondria from pea leaves were prepared according to Ebbighausen et al. (1985) .
Transport Measurements
Silicone oil filtering centrifugation with pea root plastids was carried out according to Borchert et al. (1989) except that the pH of the medium was 7.0. The experiments with spinach chloroplasts were done at pH 8.2 according to Heldt (1969a) . In back-exchange experiments, pea root plastids were preloaded with 0.4 m~ [2,5f,8-3H]ATP (1.4 MBq/pmol ATP) for 20 min at 4OC and the spinach chloroplasts were preloaded with 0.2 mM [2,5',8-3H ]ATP (1.8 MBq/pmol ATP) for 20 min at 4OC. Subsequently, the plastids were washed twice. Routinely, the samples for the transport measurements contained 0.7 mg of protein mL-' or 0.1 mg of Chl mL-', respectively.
Reconstitution of ADP/ATP Transport Activities
Envelope membranes from pea root plastids and spinach chloroplasts and membranes from pea leaf mitochondria were solubilized with 3.3% (w/v) Triton X-100 (final concentration) and added to liposomes that had been prepared from acetone-washed soybean phospholipids (100 mg/mL) by sonication for 10 min at 4OC in a medium containing 100 m~ Tricine-NaOH (pH 7.6), 20 mM ATP (unless stated otherwise), and 20 m~ potassium gluconate (Fliigge, 1992) . After a freeze-thaw step, the proteoliposomes were sonicated (Branson sonifier, 40% line voltage, 20% duty cycle) for 20 s and separated frorn the extemal medium by passage over a Sephadex G-25 column that had been equilibrated with 10 m Tricine-NaOH (pH 7.6), 150 mM sodium gluconate, and 70 mM potassium gluconate. Transport was initiated by addition of 10 pL of [32P]ATP or [32P]ADP (10 MBq/pmol, final concentration 60 p~ unless stated otherwise; total volume 210 pL) and terminated after 20 s by the addition of 40 m~ pyridoxal5'-phosphate, 1.5 mM 4,4f-diisothiocyanostill~ene-2-2'-disuIfonate, and 8 mM mersalyl (final concentrations). Externa1 radioactivity was subsequently removed by palssing the liposomes over a Dowex AG-1x8 column preequilitlrated with 210 mM sodium acetate.
RESULTS AND DISCUSSION
Transport of ATP and ADP into Pea Root Plastids and Spinach Chloroplasts Figure 1A shows the time-dependent uptake of [3€I]ATP into pea root plastids or spinach chloroplasts using single silicone oil layer centrifugation at 2OOC. As with chlorciplasts (Heldt, 1969a) , initial uptake rates could be measured for up to 15 s. In the case of sycamore amyloplasts (Pozueta-Romero et al., 1991b , 1991c , linear uptake rates were only obtained at 4OC using a double-layer system. ATP uptake letl to a strong accumulation in the stroma (Fig. IA) . After incubation of the plastids for 4 min in 30 to 40 p~ ATP, the corresponding concentrations in the stroma of pea root plasticls and chloroplasts were 800 and 400 p~, respectively. A similar accumulation of ATP has been found earlier with spinach chloroplasts (Heldt, 1969a; Pozueta-Romero et al., 'L991a) and sycamore amyloplasts (Pozueta-Romero et al., 1991~) . Figure 1B shows the time-dependent uptake of [32P]A?'P into liposomes in which solubilized membranes of pea leal' mitochondria had been incorporated.
Comparison of Substrate Specificity and Kinetic Parameters of the ADP/ATP Translocator from Pea Root Plastids, Spinach Chloroplasts, and Pea Leaf Mitochoadria
To characterize the specificity of ATP transport into pea root plastids, the inhibitory effect of various nucleotides and other metabolites on ATP uptake was tested (Table I) . As in spinach chloroplasts (Heldt, 1969a) , the ADP/ATP translocator of pea root plastids shows very little interaction with nucleotides other than ATP, ADP, and AMP. Woldegiorgis et al. (1983 Woldegiorgis et al. ( , 1985 reported that the uptake of ATP irito pea chloroplasts was inhibited by PEP and PPi. In our lexperiments with pea root plastids, an inhibitory effect of PPi on ATP uptake was not observed and the effect of PEP appears to be very weak. Pi, 3-PGA, and DHAP (substrates of the plastid phosphate translocator) caused no significant inhibition. Figure 2 , A and B, show the concentration dependence of ATP and ADP uptake into pea root plastids and spinach chloroplasts, respectively. Figure 2C shows the concentration dependence of the uptake by the reconstituted ADP/ATP translocator from pea leaf mitochondria. Table I1 summarizes the kinetic constants of the ADP/ATP translocators from pea root plastids and spinach chloroplasts obtained by direct transport (see Fig. 2, A and B) and back-exchange measurements (not shown). Both methods yielded almost identical values. The K,(ATP) value of the pea root ADP/ATP translocator was 10 ,UM and that for ADP was 46 ,UM. Corresponding values of the spinach ADP/ATP translocator were 25 p~ and 28 ,UM, respectively. The V, , , values detennined by back- 
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exchange experiments were about half of those values obtained with direct transport measurements. This difference might be due to damage of the plastids during the backexchange procedure. The affinity of the ADP/ATP translocator from pea root plastids toward AMP is very low. The Ki value was about 10 times higher than the K, for ATP (Table 11 ). In back-exchange experiments, AMP produced such a low release of radioactivity that it was not possible to calculate exact kinetic constants.
An approximate estimation yielded a K, value >200 p~.
To compare the kinetic constants and substrate specificities of the ADP/ATP translocators from pea root plastids, spinach chloroplasts, and pea leaf mitochondria under the same experimental conditions, we reconstituted solubilized membranes of these three organelles into liposomes (Fliigge, 1992) . The K, values for the uptake of ATP into liposomes containing envelope membranes from pea root plastids and spinach chloroplasts were 30 and 70 p~, respectively ( Table  111 ). The K, values for the uptake of ATP and ADP into liposomes containing mitochondrial membranes were 53 and 94 PM. The Ki(ADP) value for the transport of ATP concurred with the K,(ADP) value and vice versa. Thus, the kinetic constants measured in the reconstituted systems are comparable with those obtained with intact organelles.
For direct comparison of the substrate specificities of the ADP/ATP antiport systems from pea root plastids, spinach chioroplasts, and pea leaf mitochondria, these translocators were reconstituted into liposomes that had been preloaded with various exchangeable substrates, and transport of radioactively labeled ATP was subsequently measured (Table IV) , 1983,1985) and spinach chloroplasts differ with respect to their ability to transport PEP. It can be concluded from these results that pea root plastids, like spinach chloroplasts, contain an ADP/ATP translocator with high specificity for only ATP and ADP. Comparable results were obtained for sycamore amyloplasts (PozuetaRomero et al., 1991c) and spinach chloroplasts (PozuetaRomero et al., 1991a) .
It has been claimed that ADP-Glc is transported by the ADP/ATP translocator of plastids and mitochondria (Pometa- Romero et aI., 1991a Romero et aI., , 1991c Romero et aI., , 1991d Liu et al., 1992) . Therefore, we studied the effect of ADP-Glc on the transport of ATP into pea root plastids, spinach chloroplasts, and pea leaf mitochondria. As already shown in Table I , the inhibitory effect of ADP-Glc on ATP transport was very low in comparison with that of ADP. The Ki(ADP-Glc) values for the inhibition of ATP transport in pea root plastids and chloroplasts were 600 and 800 PM, respectively (Table 11) . These values are 1 to 2 orders of magnitude higher than the K,(ATP) values. Figure 3 shows the inhibition of [3H]ATP uptake into pea root plastids by ADP (Fig. 3A) and by ADP-Glc (Fig. 38) .
Since commercially available ADP-Glc is always contaminated by ADP, the data of Figure 3B have been corrected for this contamination, as determined by a HPLC analysis (Heineke et al., 1992) . For any particular ADP-Glc conceniration, the contaminating ADP concentration was calculated and the inhibition by this contamination was evaluated from the data of Figure 3A and plotted in Figure 3B (dashed line). Obviously, the apparent inhibition of ATP transport can be almost totally attributed to the contaminating ADP present in the ADP-Glc preparation. ADP-Glc itself has thus only a marginal effect on the transport of ATP. The K,(AI)P-Glc) values of Table 11 , therefore, are underestimatecl. True K,(ADP-Glc) values for the transport of ATP, obtained by measuring the concentration dependence of the [:'H]ATP uptake in the presence or absence of ADP and ADP-Glc (not shown), were calculated as about 1.6 mM for both pea root plastids and spinach chloroplasts. Thus, the affinity of the ADP/ATP translocator toward ATP is about 2 orders of magnitude higher than toward ADP-Glc. The concentration of ATP in the cytosol of spinach mesophyll cells, as determined by nonaqueous fractionation, is about 2.5 miM (Heineke et al., 1991) . Even in the unlikely case that the ADPGlc in spinach leaves were to be present totally in the cytosol, the ADP-Glc concentration would be more than 4-fold lower ~~~ ~~~ '\. CAT and BKA (Heldt, 1969b; Klingenberg et al., 1970; Vignais, 1976) . Whereas CAT binds to the translocator from the cytosolic side, BKA binds from the matrix side. It has been reported that BKA also inhibits transport of ADP into pea chloroplasts (Woldegiorgis et al., 1985) . In earlier studies with spinach chloroplasts, however, an inhibitory effect of BKA on the ADP/ATP translocator was not found (Flügge and Hinz, 1986) . At room temperature and pH values below pH 7, i.e. under experimental conditions recommended by Klingenberg et al. (1970) for efficient inhibition, the BKA concentration leading to 50% inhibition of the pea root plastid ADP/ ATP translocator was estimated to be about 60 p~. Maximal inhibition of about 75% was obtained using a concentration of 300 ~C L M BKA (data not shown).
To compare the inhibitory effect of CAT on the various ADP/ATP translocators, these were reconstituted into liposomes, which had been prepared in the presence of various concentrations of CAT. Into these liposomes, solubilized ADP/ATP translocation activities from membranes of pea mitochondria and pea root plastids and from envelopes of chloroplasts were inserted by a freeze-thaw-sonification procedure. Under these experimental conditions, where CAT is present at both sides of the membrane, the mitochondrial ADP/ATP translocator was most strongly inhibited (Fig. 4A) . The ADP/ATP translocator from chloroplasts and pea root For the direct transport measurements of 6, intact pea root plastids were preincubated at 20°C for 10 min with the concentrations indicated. The transport reaction was started by addition of 40 p~ Schiinemann et al. Plant Physiol. Vol. 103, 1993 plastids was inhibited also, but to a lesser extent. Direct uptake of [ 3 H]ATP into intact pea root plastids, however, was only slightly affected by CAT (Fig. 4B) . Most probably, in the pea root plastids the CAT binding sites of the ADP/ATP translocator in its natural state are concealed in the envelope membrane and become accessible only during the reconstitution procedure.
CAT has been reported also to inhibit the ADP transport into pea chloroplasts (Woldegiorgis et al., 1985) and the ATP transport into spinach chloroplasts (Pozueta-Romero et al., 1991a) and sycamore amyloplasts 199Id) . The concentrations of CAT required for the inhibition of ATP transport into plastids are generally much higher than are needed for the inhibition of mitochondrial ATP transport. The plant mitochondrial ADP/ATP translocator itself is less sensitive toward inhibition by CAT than the corresponding translocator from animal tissues [K(CAT) « 1(T 7 M]. Generally higher concentrations of atractyloside than of CAT are required to inhibit the mitochondrial ADP/ATP translocator (Vignais, 1976; Vignais et al., 1976) . Those concentrations of atractyloside that cause 50% inhibition of the ADP/ATP translocator in mitochondria from potato or bean (Vignais et al., 1976; Silva Lima et al., 1977) had no marked effect on the ADP/ATP translocator from spinach chloroplasts (Heldt, 1969a) or pea root plastids (data not shown).
Plastidial and Mitochondrial ADP/ATP Translocators: Are They Homologous Proteins?
The slight sensitivity of the plastidial ADP/ATP transport toward BKA and CAT raises the question whether the plastidial and mitochondrial translocators are homologous proteins. Based on the observation that an antibody directed against the ADP/ATP translocator from N. crassa cross-reacted with a 32-kD polypeptide from spinach chloroplast envelope membranes and from sycamore amyloplasts, it has been postulated that the ADP/ATP translocators from plastids and mitochondria are very similar proteins (PozuetaRomero et al., 1991a (PozuetaRomero et al., , 1991d . Because mitochondria contain very high quantities of ADP/ATP translocator protein, a minute contamination of the plastidial membrane preparation by mitochondrial membranes would be sufficient to cause a cross-reaction with the antibody mentioned above. PozuetaRomero et al. (1991d) have claimed that, for their experiments with sycamore amyloplasts, such a contamination can be ruled out, but in the experiments with spinach chloroplasts (Pozueta-Romero et al., 1991a) , in which plastidial membranes were purified by differential centrifugation only, they did not check for contamination with mitochondrial membranes. Moreover, the same group did not find a crossreaction with proteins from sycamore chloroplast envelope membranes (Ngernprasirtsiri et al., 1989) .
We performed western blot analysis with plastidial membranes that had been highly purified by Sue density gradient centrifugation (Douce et al., 1973) . In the experiment of Figure 5 , the same antibody cited above (kindly provided by W. Neupert, Munich, Germany) was applied. Whereas the antibody clearly reacted with a 32-kD polypeptide (the putative ADP/ATP translocator of the mitochondrial membrane), it did not show any cross-reaction with proteins 1 2 3 4 5 6 Figure 5 . Analysis of membrane proteins from different cell organelles by SDS-PACE. Envelope membrane proteins from pea root plastids or spinach chloroplasts and membranes from pea leaf mitochondria were separated by SDS-PACE (Laemmli, 1970) and analyzed by Coomassie blue staining (lanes 1-3) and western blotting using an antiserum directed against the ADP/ATP translocator from N. crassa (lanes 4-6). For immunoblot, protein was transferred to a 0.2-nm pore size Trans-Blot membrane (Bio-Rad) for 3 h in 50 HIM sodium borate (pH 9.0), 20% (v/v) methanol, and 0.1% SDS (1.5 mA/cm 2 ). Lanes 1 and 4, Envelope membranes from spinach chloroplasts (20 Mg); lanes 2 and 5, pea leaf mitochondria (20 Mg); lanes 3 and 6, envelope membranes from pea root plastids (15 ^g).
contained in envelope membranes of chloroplasts and pea root plastids.
From these results it seems at the present more than questionable that the ADP/ATP translocators in plastids and mitochondria are homologous membrane proteins. They may well derive from different ancestors. A comparison of the primary structures of the mitochondrial and plastidic translocator proteins will finally decide the case. Whereas the primary structure of the ADP/ATP translocator in plant mitochondria is known (Baker and Leaver, 1985; Bathgate et al., 1989; Emmermann et al., 1991) , the primary structure of the plastid translocator has yet to be determined.
